Im-3 was isolated from the venom of the scorpion Isometrus maculatus through several steps of HPLC fractionation based on the insect paralytic activity. Injecting Im-3 into crickets induced paralysis, but no toxicity was apparent in mice after an intracerebroventricular injection. Im-3 shares sequence similarity to scorpion -toxins that specifically affect insect sodium channels.
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Scorpions use venom to paralyze or kill prey and predators. Scorpion venom therefore contains various toxins that are active toward insects, crustaceans and mammals, many of which can affect the nervous system by interacting with ion channels of the excitable membranes. 1) Although scorpion toxins specifically modulate the functions of various types of ion channel (Na þ , K þ , Ca 2þ and Cl À ), those that act on the sodium channel have been most extensively investigated due to their high toxicity and selectivity. Sodium channelacting toxins have been traditionally assigned to two major classes, -and -toxins, according to their mode of action and primary structure. 2, 3) The scorpion Isometrus maculatus is widely present in tropical regions including Japan. Although the mammalian toxicity of its venom is weak, several bioactive peptides have been identified from the venom which include an antimicrobial peptide (imcroporin), 4) a peptide with anti-insect and antimicrobial activity (Im-1), 5) potassium channel blockers (ImKTx1 and ImKTx88), 6, 7) and non-selective -toxin (Im-2). 8) Although the genes encoding other types of toxin have been identified by a transcriptome analysis of the venom gland of I. maculatus, 9) insect-selective toxins have not yet been isolated from the venom. We further explore in this study biologically active components in the venom of I. maculatus to isolate and characterize a novel -toxin having toxicity toward insects.
The I. maculatus scorpions were collected from Ishigaki Island in Japan and maintained in our laboratory. The venom obtained by the conventional method in the previous study was fractionated by reversed-phase high-performance liquid chromatography (RP-HPLC) in a C4 column, and three fractions A, B and C showed toxicity toward Acheta domestica crickets (Fig. 1a) . 5) Im-2 and Im-1 were respectively isolated from fractions A and B. In this present study, fraction C was further purified by using a C18 column (1:0 i.d. Â 250 mm, Grace Vydac, Deerfield, IL, USA) eluted with 0.1% trifluoroacetic acid (TFA) in water and 0.08% TFA in acetonitrile at a flow rate of 0.05 mL/min with a linear gradient of 2-50% acetonitrile over 55 min. Three peaks were separated and tested for their toxicity toward A. domestica (Fig. 1b) . The toxic component (named Im-3, 101 mg from 8.9 mg of the venom) was finally obtained as a single peptide, whose monoisotopic molecular mass was determined to be 6894.0 by an ESI-LC/MS analysis using an LCMS-IT-TOF mass spectrometer (Shimadzu, Kyoto, Japan).
Im-3 injected at a dose of 20 mg/g of body weight into A. domestica (n ¼ 6) resulted in paralysis of the limbs in more than half of the tested animals. No lethal effect was apparent even after injecting 40 mg/g of body weight. In respect of the insect toxicity, Im-3 has been thought to be comparable to that of Im-2, 8) but weaker than such a highly potent toxin as Bm32-VI (EC 50 ¼ 0:18 mg/g of body weight of Gryllus bimaculatus).
10) However, Im-3 injected intracerebroventricularly into mice (male Slc:ICR strain, 20 g of body weight, n ¼ 3) at a dose of 0.05 mg/g of body weight caused no toxic symptoms. Since such toxins as Im-2 that show mammalian toxicity rapidly induce lethality in mice, even at this dose by intracerebroventricular administration, the action of Im-3 is likely to be insect-selective.
The intact peptide (0.5 nmol) was subjected to an Edman sequencing analysis (Procise 491-HT, Applied Biosystems, Foster City, CA, USA) to determine the primary structure of Im-3, and the sequence of 23 Nterminal residues was determined (Fig. 1c) . Cysteine residues in the sequence were identified by the appearance of the dithiothreitol adduct of phenylthiohydantoindehydroalanine which is known to be a by-product from the Edman degradation of cysteine residues.
11) Im-3 was then treated with 6 mM DTT for 45 min at 65 C in a buffer containing 0.3 M NaHCO 3 (pH 8.5) and 6 M urea, and reacted with 12.5 mM iodoacetic acid or 320 mM 4-vinylpyridine for 30 min at 25 C to modify the Cys side chains. The peptide modified with iodoacetic acid or 4-vinylpyridine was respectively digested for 18 h at 37 C by endoproteinase LysC (Wako Pure Chemical Industries, Osaka, Japan) or chymotrypsin (Roche Diagnostics, Tokyo, Japan) at a peptide/enzyme ratio of 10:1 (w/w). The resulting peptide fragments were separated by RP-HPLC in a C18 column (1:0 i.d. Â y To whom correspondence should be addressed. Tel: +81-75-753-6116; Fax: +81-75-753-6123; E-mail: miyamasa@kais.kyoto-u.ac.jp Abbreviations: RP-HPLC, reversed-phase high-performance liquid chromatography; TFA, trifluoroacetic acid 250 mm, Grace Vydac) for the Edman analysis, or subjected to an ESI-LC/MS n analysis for de novo sequencing with an LCMS-IT-TOF mass spectrometer (Shimadzu). To confirm the results of the de novo sequencing analysis, comparisons of the mass spectra were made for some fragments by using synthetic peptides as standards, especially for discriminating between Leu and Ile. C-Terminal amidation was identified, based on the molecular mass of the C-terminal fragment (an observed monoisotopic mass of 1082.4, and a calculated amidated peptide mass of 1082.4). The total sequence of Im-3 was finally obtained by combining the sequence of the overlapping fragments (Fig. 1c) which was cross-linked by 4 disulfide bonds, . Shading in Im-3 indicates residues identical to that of at least one toxin below. Bold letters indicate residues conserved among all toxins. b, Unrooted phylogenetic tree of scorpion -toxins. The phylogenetic tree was based on the mature sequences of 18 -toxins and constructed by using MrBayes 3.2.0. This program was run for 500,000 generations with chains sampled every 250 generations, a burn-in of 500 trees being used. The tree was visualized by using FigTree 1.3.1. AaIT1 (P01497) and AaIT4 (P21150) are from Androctonus australis Hector; BjIT2 (P24336) and BjxtrIT (P56637) are from Hottentotta judaicus; BmKIT1 (O61668) is from Mesobuthus martensii; BotIT5 (P55904) is from Buthus occitanus tunetanus; Clt1 (P18926) is from Centruroides limpidus tecomanus; Cn2 (P01495), Cn4 (P45662), Cn5 (P45663) and Cn11 (P58296) are from Centruroides noxius; Lqh1 (P0C5H3) and LqhIT2 (Q26292) are from Leiurus quinquestriatus hebraeus; LqqIT1 (P19856) and LqqIT2 (P19855) are from Leiurus quinquestriatus quinquestriatus; Ts (P15226) is from Tityus serrulatus.
based on the difference in molecular mass (an observed monoisotopic mass of 6894.0, and a calculated peptide mass without disulfide bonds of 6902.1).
Sequence similarity searches using BLAST 12) indicated Im-3 to be similar to such scorpion -toxins as LqqIT2, BjIT2, LqhIT2 and BotIT5 (Fig. 2a) which had been respectively isolated from the venom of Leiurus quinquestriatus quinquestriatus, Hottentotta judaicus, Leiurus quinquestriatus hebraeus and Buthus occitanus tunetanus. These toxins possess selective toxicity toward insects, attributable to the difference in binding affinity to the sodium channel between insects and mammals. Im-3 showed relatively low sequence similarity to Im-2 (51%) which is another -toxin from I. maculatus venom. No similarity was apparent between Im-3 and Im-1 which is a linear peptide without disulfide bridges. A phylogenetic analysis was performed to investigate the classification of Im-3 among the -toxins (Fig. 2b) . Eighteen -toxins including Im-3 were grouped into four distinct clusters according to their toxicity against insects and mammals and to the symptoms induced in the insects. The first group comprises mammalianselective -toxins, which are highly toxic to mammals, isolated mainly from New World (North and South America) scorpions.
13) The second group comprises insect-selective excitatory -toxins which induce spastic paralysis in insects, while the third group comprises insect-selective depressant -toxins which induce flaccid paralysis in insects. The fourth group comprises nonselective -toxins active towards both insects and mammals, Im-2 being included in this group. In addition to these four groups, several crustacean-specific toxins have been isolated, although their sequences are not closely related. Im-3 positioned in the cluster of insectselective depressant toxins as expected from the sequence similarity search. This result is consistent with the observation that Im-3 showed toxicity against crickets but not against mice, and suggests that Im-3 may act on the sodium channel in a manner similar to insect-selective depressant -toxins.
In conclusion, Im-3 is a novel anti-insect -toxin isolated from the I. maculatus venom. Further investigation of the effects of Im-3 on the sodium channel will provide insight into the molecular mechanisms underlying the insect-selective toxicity of -toxins as well as for developing novel highly selective insecticides.
